At present, when numerical methods are used to analyze the dynamic characteristics of blades with densely distributed small holes, it is difficult to consider the influence of small holes accurately. A new method is presented regarding air-cooled turbine rotor blades of gas turbine engines. To investigate the topic, a series of experimental rules are simulated effectively by theoretical formulae. The method is developed by combining the experimental results and finite element analysis. To include the effects of small holes on dynamic behaviors of blades, the equivalent concept is employed. In a generalized eigen-equation, the modified stiffness matrix and mass matrix are used to perform an accurate modal analysis of the blades. When making comparison between the analytical results obtained by using the method of this paper and the experimental data, a good agreement is seen. Accuracy, reliability, and practicality of the method presented in this paper are verified.
INTRODUCTION
In the processes of the development of modern gas turbine aero-engine, raising the thrust and thrust / weight ratio has become the trend. The result of this has made the bypass ratio of the turbo-fan engine, the pressure ratio of the compressor, the temperature of the turbine, and the rotating speed relatively high. When raising of the temperature of the turbine, since the increase of the temperature is much bigger than the increase of the material property of resisting heat, the technology of cooling turbine blades becomes crucial. Recently, unique shape passages have been used popularly in blades of many kinds of turbine engines. Especially, the leading edges of the blades always have densely distributed small holes. Because the diameters of these holes are small, the amount of them is large, and the distributions of them over the surface of the blades are various and often complicated, the vibrational frequencies the of blades are surely affected. For establishing analytical models, it is difficult to calculate the effect of those holes accurately. In order to obtain the accurate numerical results, a new mixed method is very necessary. The purpose of this paper is to establish the method by combining the experimental results and finite element analysis.
EXPERIMENTAL INVESTIGATION
The specimens are cantilever plate blades. The sizes of a cantilever blades are decided by the geometry of a real turbine rotor blade of an aero-engine. They are 72 mm x 40 mm x 24 mm. In order to investigate the effects of the perforating ratio, distribution densities, and different patterns of holes to the vibrational characteristics of blades, four groups of specimens are designed. There are no holes on the blades of Group a, but there are holes which are uniformly distributed on the rest of groups of blades. The holes on the blades of Group b and c are arranged as isosceles triangles but the distance between the two holes of Group b is twice as long as that of Group c. The holes on the blade of Group d are arranged as squares. The actual arrangement of holes of each group of specimens is shown in Figure 1 . 
FIGURE 1 VARIOUS ARRANGEMENTS OF HOLES ON THE SPECIMENS
A parameter, perforating ratio a is defined: _ mass of holes removed from a blade ( ) a mass of a blade without holes
In the experiments, the perforating ratio a of specimens varied from 0 to 0.20. The material of specimens is Steel A3 . Its mechanic properties are: Young's modulus E = 2.1 l x 105MPa; Mass density p=7.85 x 10 3 g/ mm3; Poisson ratio v = 0.286.
Through a modal analysis test, the natural frequencies of the four lower order of bending vibrations are obtained. A non-dimensional parameter f/ f,, is used to express the frequency difference. fp is the bending vibration frequency of the blade with densely distributed small holes, f the bending vibration frequency of the same blade without any holes.
According to the vibration theory for thin plates, the expression of bending vibration frequency of plate blade specimen is as follows:
/i is the feature parameter decided by the geometry and boundary condition of the plate; L is the feature length of the plate; h is the thickness of the plate; D is the bending stiffness of plate (D = Eh 2 / 12(1 -v 2 )). From equation (2), it is clear that the perforated blades and the related non-perforated ones have the same f/ fn ratio. To improve the accuracy of experimental results, the four lower order of frequencies are averaged. Under different perforating ratios a, different regression curves can be traced by using the spline approach. Furthermore, a mathematical function is derived to describe the changes of perforating ratio a versus fp / f" and it is shown in Figue 2. The equation is expressed as follows: f 1 
THE CONCEPT OF EQUIVALENCE AND ITS PARAMETERS
As it was pointed out in the introduction section, when calculating the vibrational characteristics of the perforated blades, the effects due to the holes are difficult to be accurately taken into account. Since the hloes are of large quantity, small in size, and complicated in distribution, it is often that the calculation of the vibrational characteristics of the blades with holes does not consider the effects due to the holes. This unfortunately introduces sufficient amount of inaccuracy into the calculation. To solve such a problem, the concept of equivalence is used in this paper. More specifically, experimental data for the natural frequency and the perforating ratio for the blades with holes is entered into the finite element analysis software package routines, so that the effects of these densely distributed holes on the natural frequencies of the perforated blades can then be taken into account. This makes the results of the calculation more accurate.
The concepts of equivalence introduced in this paper treat the perforated blades as equivalent non-perforated blades. the mechanic parameters for the equivalent blades, such as mass density, the Poisson ratio, and the Young's modulus, are represented by their equivalent values. The criteria of the method of equivalence require that boundary conditions are the same, and the natural fundamental frequencies of the perforated blades are the same as that of their equivalent counterparts. Therefore, equations of mechanic parameters for the equivalent (non-perforated) blades can be derived.
The relationship between the material mass density of the equivalent blades pa and that of the perforated blades p is :
Metallic materials generally have the Poisson ratios roughly around 0.3. As in the expression of bending stiffness, the Poisson ratio has little effect for the natural frequency of the blades. Hence, the Poisson ratios for the equivalent (non-perforated) blades and that of the blades with densely distributed small holes are the same, v. = v (5) Combine (2) to (5), the relationship between the Young's modulus of the perforated blades E and their equivalent ones E is:
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THE EVOLUTION AND DESCRIPTION OF THE MIXED METHOD
Using the concepts of equivalence, perforated blades are functionally turned into equivalent non-perforated blades that have equivalent material mechanic parameters. Therefore, the effects on the material mechanic parameters due to small, densely distributed holes are expressed in terms of the equivalent material mechanic parameters during numerical analysis. The mathematical expressions (4), (5), (6) 
When the concept of equivalence is used, the application of GEMAP program is extended. Therefore, the experimental method is combined with finite element analysis . This is the so-called mixed method.
The Enhanced GEMAP program is used to calculate the natural frequencies of the four lower order of bending vibration of Group a and Group b blades. Under different perforating ratios, different natural frequency average data sets are obtained from these four lower orders. When making comparison between the analytical results obtained by using the new mixed method and the experimental data, a good agreement is seen from Figure 3 and Table 1 . The relative errors are small 
SUMMARY
The work presented in this paper uses the concepts and the criteria of equivalence to solve a very practical problem in blade design of turbine engine. It successfully combined experimental investigation and finite element analysis to form a new mixed method that is not only reliable, but also practical. After some modification, the enhanced version of the GEMAP software package is even able to handle the effects caused by very densely and complicatedly distributed small holes with different shapes. The results are accurate and reliable. All the facts show that this new mixed method widens the range of usage for the experimental results. Also, since it takes the advantages of both experimental investigation and the numerical analysis, it also widens the ranges of usage for the numerical calculation as well. In conclusion, this mixed method has bright future.
